This review discusses whether deficient inhibitory motor control is the core deficit of attention-deficit/ hyperactivity disorder (ADHD). Inhibitory motor control is commonly assessed using the stop-signal paradigm. Since the last meta-analysis that was performed, 33 new studies have appeared. The current meta-analysis revealed a significant difference between ADHD patients and matched controls in stop latency (stop-signal reaction time) in both children and adults. Basic reaction time was significantly longer in children with ADHD, but not in adults, and there was a significant interaction between the elongation of the latency to stop and to respond in adults, but not in children. Deficient inhibitory motor control may be less crucial in children than in adults with ADHD.
The core deficit of attention-deficit/hyperactivity disorder (ADHD) is thought to be a deficiency of response inhibition (Barkley, 1997 (Barkley, , 1999 Quay, 1997) . Response inhibition includes three strongly interrelated processes: inhibiting prepotent responses, inhibiting ongoing responses, and interference control (Barkley, 1997) . Suppressing prepotent and ongoing responses (also referred to as inhibitory motor control) has been widely studied with the stop task (e.g., Logan, 1994; Nigg, 2001) . In this article, we review recent studies investigating differences in performance between ADHD patients and matched controls in the stop task. The survey was quantified by meta-analytic statistical procedures.
Stop Task
In the stop task, participants must respond as quickly as possible to a go stimulus. On some trials (the stop trials), the go stimulus is followed by a second stimulus, referred to as a stop stimulus, mostly appearing between 100 -500 ms after presentation of the go stimulus (go-stop interval). This stop stimulus indicates that participants must withhold the initiated response to the go stimulus. The stop task enables the assessment of two processes: the overt reaction process, as expressed in simple reaction time (RT) and accuracy, and the "hidden" inhibitory processes. The latter process is generally expressed also in a speed measure, the stop-signal RT (SSRT), which is inferred from the distribution of RTs and the proportion of successful stops. The outcome on any given stop trial is thought to reflect the relative speeds of the reaction process and the inhibitory process (Logan, 1994) .
Inhibitory Motor Control in ADHD
Inhibitory motor control as assessed by the stop task has been studied extensively in ADHD during the past 15 years. Results of eight studies conducted before 1998 were summarized in a metaanalysis (Oosterlaan, Logan, & Sergeant, 1998) , in which for each individual study, the difference in means between the ADHD and control group is divided by the standard deviation of the control group (or patient and control group together). This so-called effect size (ES) is a standardized measure and allows comparison between different studies focusing on the same concept. With regard to the comparison between ADHD and controls, ESs were 0.49 and 0.64 for mean simple RT (MRT) and SSRT, respectively , reflecting a longer MRT and SSRT for the ADHD group compared with the control group. Because the ES was larger for SSRT than for MRT, Oosterlaan et al. concluded that the hypothesis of inhibitory motor control as the core deficit of ADHD was confirmed. Their conclusion was reinforced by recent reviews of the stop-task literature (Nigg, 2001; Sergeant, Geurts, & Oosterlaan, 2002) .
However, it should be noted that the difference in elongation between MRT and SSRT was rather small (32.9 ms) and not subjected to statistical analysis. Therefore, it is still uncertain whether longer SSRTs in ADHD specifically reflect a deficit in inhibitory motor control or rather a more general deficit in, for example, attention (Castellanos & Tannock, 2002; Overtoom et al., 2002) . Deficits of this function could result in longer RTs, as well as in deficient processing of the stop stimulus as reflected in longer SSRTs. It may also result in more lapses of attention, which would be revealed by a larger variability of RT (Castellanos & Tannock, 2002) . In contrast, a specific inhibitory deficit should be characterized by a disproportionately longer SSRT compared with MRT.
The main question is whether ADHD primary involves deficient inhibitory motor control or is characterized instead by a more general cognitive deficit. To answer this question, we performed a meta-analysis of stop-task outcomes published in the period between January 1998 and February 2004. Specifically, we attempted to assess the disproportional lengthening of SSRT (relative to MRT) in a quantitative manner. We also took into account an additional measure of (in)attention, namely, the variability of simple RT (SDRT) across trials.
Method

Criteria
Studies that were published, accepted for publication, or submitted to international peer-reviewed journals between January 1998 and February 2004 and were identified by a literature search using PsycLIT and MedLine were taken into account. The meta-analysis included (a) studies that investigated and described independent groups; (b) studies involving participants with ADHD/ADD pervasive type who were diagnosed according to DSM-III, DSM-III-R, or DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, 3rd ed.; 3rd ed., rev.; or 4th ed., respectively; American Psychiatric Association, 1980 Association, , 1987 Association, , and 1994 criteria or who scored pathologically on parental and teacher diagnostic and behavioral measures as being hyperactive, impulsive, or inattentive, but not primarily aggressive; (c) studies involving participants who abstained from pharmacological treatment (methylphenidate) for at least 1 day prior to the day of testing; and (d) studies that reported means and standard deviations or outcomes of exact statistics (t or F values).
Key Variables
The primary variables in the stop task are mean speed of responding (MRT), the within subject standard deviation of speed of responding (SDRT), and the stop-signal RT (SSRT).
Potentially Relevant Studies
Exclusion. Of the 33 potentially relevant publications generated by the search, the studies of Chhabildas, Pennington, and Willcutt (2001) ; Crosbie and Schachar (2001); and Oosterlaan and Sergeant (1998b) were excluded because they contained data sets of participants already discussed in other papers (Willcutt, Pennington, Olson, Chhabildas, & Hulslander, 2004; Schachar, Mota, Logan, Tannock, & Klim, 2000; and Oosterlaan & Sergeant, 1998a, respectively) . The study of Rubia et al. (1999) was excluded because it was unclear under what condition MRT was assessed.
Inclusion. Of the 29 studies that were included in the analysis, 6 contained either multiple groups of ADHD patients or multiple conditions. From the Bekker et al. (2004) study, only stop-task results were included. Rubia, Oosterlaan, Sergeant, Brandeis, and van Leeuwen (1998) reported on performance in the stop task with fixed and variable go-stop intervals in a within-subject design. For present purposes, data from the two conditions were averaged. This study was excluded in the analysis of method as a moderator variable. From the Scheres, Oosterlaan, and Sergeant (2001) study, only the results from their integrated method for SSRT calculation were included. Results across event rates (2,000, 4,000, and 8,000 ms) were pooled. The results from Stevens, Quittner, Zuckerman, and Moore (2002) were pooled across reinforcement conditions because reinforcement had the same effect for the ADHD and control groups. Finally, results from the studies of Nigg, Blaskey, Huang-Pollock, and Rappley (2002) and Bedard et al. (2003) were pooled across multiple subtypes of ADHD, so these studies were more consistent with other studies in the analysis.
Statistics
ESs were calculated for each individual study as the mean for the ADHD group minus the mean for the control group, divided by the standard deviation pooled across the patient and the control group (Lipsey & Wilson, 2000) . Positive ESs indicated that the ADHD group had higher scores (longer MRT, SSRT, larger SDRT) than the control group. Negative values indicated that the ADHD group had lower scores than the control group. The fixed-effects model mean ES was weighted for individual sample sizes. To assess significance of the mean ES, we followed the guidelines proposed by Lipsey and Wilson (2000, pp. 129 -138) . Furthermore, standard errors (SEs) were estimated, as well as 95% confidence intervals (CIs).
Variation among the results of studies might be due partly to sample error but also may result from differences in other, uncontrolled, sources (so-called moderator variables). To assess the general impact of these sources, we conducted a heterogeneity test (Lipsey & Wilson, 2000, pp. 129 -138) . The traditional Q statistic may be considered to have insufficient validity, because the outcome depends on the number of studies that are included (Higgins, Thompson, Deeks, & Altman, 2003 ). An alternative measure to quantify heterogeneity is I 2 , which is independent from the number of studies (Higgins & Thompson, 2002) . I 2 estimates the percentage of total variation among studies due to heterogeneity rather than to sample errors. The impact of individual moderator variables was assessed in two steps. First, a weighted regression analysis (Lipsey & Wilson, 2000, pp. 138 -140) was performed to estimate whether a moderator variable explained a significant amount of variation among studies. Second, when a nominal moderator variable explained a significant amount of variance, studies were grouped according to this variable and the groups were analyzed separately and I 2 statistics were applied to compare heterogeneity between the subgroups (Higgins et al., 2003) . When no moderator variable could be found and when heterogeneity (I 2 ) was higher than 25%, the random-effects model ES was adopted instead of the fixed-effects model ES. All statistical analyses were conducted following Lipsey and Wilson's (2000, pp. 129 -142, 208 -220) procedures. Effects were considered significant when ␣ was lower than 5%.
The effect of a given moderator variable actually indicates an interaction between that variable and the difference between the ADHD and control groups. The first moderator variable was age. Some studies conducted research in child (age Ͻ 13 years), adolescent (13 up to 17 years), combined child and adolescent (6 up to 17), or in adult (age Ͼ17 years) populations. Generally, RT shortens more from childhood to adulthood than SSRT does (e.g., Band, van der Molen, Overtoom, & Verbaten, 2000; Stevens et al., 2002; Williams, Ponesse, Schachar, Logan, & Tannock, 1999) . Furthermore, age has been found to correlate with MRT and SDRT (e.g., Nigg, 1999) . The second moderator variable was method. There is a difference in the method of establishing go-stop intervals. With the "fixed" method, go-stop intervals are fixed relative to presentation of the go stimulus. With the "variable" method, the go-stop interval varies with MRT. With the "tracking" method, the go-stop interval is continuously adjusted to result in a certain proportion of successful stops (e.g., 50%). reported the possibility of an effect of go-stop interval method on key variables. The third, fourth, and fifth moderator variables were comorbidity of oppositional defiant disorder (ODD) or conduct disorder (CD), IQ, and ADHD subtype (inattentive, hyperactive/impulsive, and combined). These variables could affect stop-task performance (e.g., Bedard et al., 2003; Chhabildas et al., 2001; Kuntsi, Oosterlaan, & Stevenson, 2001; Nigg et al., 2002; Oosterlaan et al., 1998; Schachar et al., 2000; Schachar & Tannock, 1995; Scheres et al., 2004; . For the last three variables, only the weighted regression method was applied; grouping was not possible because the variables were continuous.
Additionally, the difference between MRT and SSRT as a function of group (ADHD vs. control) was analyzed. To do so, for each group from each individual study, we subtracted SSRT from MRT. The standard deviation was pooled across MRT and SSRT for each group. The standard error of the difference score (MRT -SSRT) was calculated following Hays (1988, pp. 313-315) , using an estimated correlation between MRT and SSRT of .476. This correlation was derived from stop-signal data obtained in a sample of 75 adults and 15 children. Using these difference scores and their standard errors, we computed ESs and subjected them to metaanalysis as outlined above. Here, a negative ES indicated that SSRT was lengthened more in ADHD than MRT was. For illustrative purposes, SSRT and MRT in milliseconds were computed as the means across studies, weighted for sample size.
Results
General Description
A total of 29 studies on 977 ADHD patients and 1,078 matched controls were included in the meta-analysis. Table 1 summarizes the characteristics of the tasks that were included. Table 2 provides an overview of the main characteristics of the study samples and individual ESs (additional information about the studies can be obtained from the corresponding author). Twenty-eight studies reported MRT measures, 20 studies reported SDRT measures, and 28 studies reported SSRT measures. Twenty studies reporting Note. Except for the study of , who applied the stop-change task, all studies applied the stop task. Dashes indicate that data were not reported. GSM ϭ go-stop method (the way go-stop intervals were calculated and integrated); Tracking ϭ optimizing stopping to 50%; Variable ϭ interval relative to individuals' mean reaction time; Fixed ϭ interval relative to go stimulus; Arrows ϭ figures presented in the middle of the screen in which pointing direction dictates response; Letters ϭ letters that dictate response; Spatial ϭ figures presented left or right from the middle of the screen, in which position dictates response; A ϭ auditory; V ϭ visual; ER ϭ event rate; % stop ϭ the percentage of stop trials that were presented in the tasks.
MRT, and all studies reporting SDRT and SSRT, revealed a positive ES. Seven studies obtained a larger ES for MRT than for SSRT, whereas 20 studies obtained a smaller ES for MRT than for SSRT.
MRT
The mean ES across 28 studies was 0.29 (95% CI ϭ 0.19 -0.38; combined Z ϭ 5.97, p Ͻ .01). The ES proved to be highly heterogeneous (Q ϭ 63.29, I 2 ϭ 55.76%). A regression analysis showed that age explained a significant amount of the variance across ESs (R 2 ϭ .54, B ϭ Ϫ.17, z score [hereafter referred to as z] ϭ 4.67, p Ͻ .05). When studies were grouped according to age (children and adults), an additional analysis showed that 94.54% of the variability among the groups could not be explained by chance alone and that the within-group variation among studies was reduced by 10% (I 2 within ϭ 45.34). However, variation across studies within the groups was still moderate, which could not be explained by any of the other moderator variables. Therefore, ESs of the random models were adopted. ESs and weighted means for children and adults are displayed in Tables 3 and 4, respectively. Note. Dashes indicate that data were not reported. ADHD ϭ attention deficit/hyperactivity disorder; NC ϭ normal control participants; Male ϭ percentage of male participants per sample; MRT ϭ mean reaction time; SDRT ϭ within-subject standard deviation of the reaction time; SSRT ϭ stop-signal reaction time; minus sign (Ϫ) indicates that values of ADHD are lower than that of control participants. Note. k ϭ number of studies; ES ϭ effect size; 95% CI ϭ 95% confidence interval; MRT ϭ mean reaction time; SDRT ϭ within-subject standard deviation of reaction time; SSRT ϭ stop-signal reaction time; Child ϭ 6 -13 years; Adult ϭ 18 years and older. a ESs of random-effects model. b ESs of fixed-effects model. * p Ͻ .05. ** p Ͻ .001.
SDRT
The ES across 20 studies was 0.65 (95% CI ϭ 0.55-0.76; combined Z ϭ 12.29, p Ͻ .01). Variation among studies was low (Q ϭ 24.76, I 2 ϭ 23.26%), indicating that most of the variation was elicited by chance. Regression analysis showed that age explained a significant amount of the variance across ESs (R 2 ϭ .37, B ϭ Ϫ.08, z ϭ 3.67, p Ͻ .05). Variation across studies within the groups was still low when they were grouped according to age (I 2 within ϭ 24.03). Fixed-model ESs and weighted means for children and adults are displayed in Tables 3 and 4 , respectively.
SSRT
The ES for SSRT across 28 study samples was 0.58 (95% CI ϭ 0.49 -0.67; combined Z ϭ 12.50, p Ͻ .01). Heterogeneity was low (Q ϭ 31.57, I 2 ϭ 14.48%). Regression analysis showed that age explained a significant amount of the variance across ESs (R 2 ϭ .37, B ϭ Ϫ.08, z ϭ 3.67, p Ͻ .05). When studies were grouped according to age, variation across studies within the groups was low (I 2 within ϭ 12.54). Fixed-models ESs and weighted means for children and adults are displayed in Tables 3 and 4 , respectively.
SSRT Versus MRT
The ES for the difference score (MRT -SSRT) was Ϫ0.22 (95% CI ϭ Ϫ0.12 to Ϫ0.31, combined Z ϭ 4.51, p ϭ .01). The ES was moderately heterogeneous (Q ϭ 49.88, I 2 ϭ 49.88). Regression analysis showed that age explained a significant amount of the variance across ESs (R 2 ϭ .22, B ϭ Ϫ.06, z ϭ 2.46, p Ͻ .05). Within-group heterogeneity was still moderate (I 2 within ϭ 52.30). No other moderator variable explained the variability across studies, so random-effects models ESs were adopted. The analysis revealed a nonsignificant ES for children (ES ϭ Ϫ0.22, p ϭ .10) but a significant ES for adults (ES ϭ Ϫ0.56, p ϭ .05; see Table 3 ). Weighted means for children and adults are displayed in Table 4 . When assuming that the correlation between MRT and SSRT was lower than .476 (e.g., r ϭ .10), we found that ESs were also lower (Ϫ0.17 and Ϫ0.42 for children and adults, respectively), whereas the level of significance did not change.
Discussion
The current study investigated whether ADHD is characterized primarily by deficient inhibitory control or by impaired attention. An attention deficit ("inattention") would be characterized by longer RTs, more lapses of attention (larger SDRT), and longer SSRT. An inhibitory deficit would be characterized by a disproportionally elongated SSRT, compared with MRT.
For children, the ESs obtained in this study were comparable to those reported by Oosterlaan et al. (1998) . In their study, ESs were 0.49 and 0.64 for MRT and SSRT, respectively. In this study, they were 0.52 and 0.58, corresponding to a difference of 16 ms. However, an additional analysis failed to confirm that the ES was significantly different for MRT versus SSRT. Furthermore, the most pronounced difference between groups concerned SDRT, indicating that patients with ADHD are particularly more variable in their RTs. In children, the combination of enhanced variability in performance and comparable slowing of responding and stopping suggests an underlying mechanism other than deficient inhibitory control, such as general inattention. A higher instance of lapses of attention would result in slower average responding (to go stimuli) and slower average stopping, as well as in higher variability of responding. The latter is in line with the statement by Castellanos and Tannock (2002) that "Perhaps the most striking clinical characteristics of ADHD include the transient but frequent lapses of intention and attention, and the moment-to-moment variability and inconsistency in performance" (p. 624).
For adults, the ES for MRT was approximately 0, indicating that patients and control participants do not differ on this measure. A prolonged SSRT has been found in children and in adults with ADHD compared with control participants, and this appears to be robust across age. Even though one study on adults with ADHD failed to find a significant effect of group on SSRT (Epstein, Johnson, Varia, & Conners, 2001) , the ES of that study suggests a Type II error: The ES is close to the mean ES, and it does not cause the mean ES to be heterogeneous. In adult patients, SSRT was 40 ms longer than the prolongation of MRT. An additional test for the difference between MRT and SSRT revealed a moderate ES (Ϫ0.56), suggesting a specific deficit of inhibitory motor control in the adult population, rather than general inattention. This is consistent with findings of a recent study showing that the slowing of SSRT relative to MRT was significantly greater in adult patients than in controls when tested directly (Bekker et al., 2004) .
Although the results obtained for adult participants are consistent with the theory that an impairment of inhibitory motor control is the core deficit in ADHD (Barkley, 1997 (Barkley, , 1999 Quay, 1997) , this theory cannot account for the pattern of stop-task performance shown by children with ADHD. However, this does not rule out the possibility that other aspects of inhibitory control are deficient in ADHD children, such as interference control, as was suggested recently in a meta-analysis of Stroop task performance in patients with ADHD compared with control participants (Homack & Riccio, 2004) . The difference in elongation between MRT and SSRT could also be due to a possible attenuating effect of sources that could not be controlled for in this study, like comorbidity (e.g., Note. k ϭ total studies included; ADHD and NC ϭ pooled and weighted means for the key variables for ADHD (attention deficit/hyperactivity disorder) and NC (normal control participants); N ϭ total participants across studies; n ϭ total participants per group; ⌬ adhd-nc ϭ the difference between the ADHD and control group; MRT ϭ mean reaction time; SDRT ϭ within-subject standard deviation of reaction time; SSRT ϭ stop-signal reaction time; Child ϭ 6 -13 years; Adult ϭ 18 years and older. Oosterlaan et al., 1998) . The difference between the studies with children and adults could be explained by the possibility of deficits being located in independent mechanisms across these two populations. Another possibility could be that in children with ADHD, impaired inhibitory motor control and attention are related to impaired working memory capacity (e.g., Karatekin, 2004; Mecklinger, Weber, Gunter, & Engle, 2003) . Possibly, in childhood, stop-task performance has a higher demand on working memory capacity than in adulthood (e.g., Tamm, Menon, & Reiss, 2002) , leading to the availability of relatively more sources to perform the stop task in adults with ADHD than in children with ADHD. However, studies applying the stop-signal paradigm in adult populations are only just emerging. More research in adult populations is necessary to answer the question of whether ADHD in adults and in children could have different cognitive characteristics.
